Background: MicroRNA-138 deregulation is a common event in cancer. Results: Our study describes a microRNA regulatory module consisting of tumor suppressor miR-138 and proto-oncogene FOSL1.
Abstract:
MicroRNA-138 is one of the most frequently down-regulated microRNAs in cancer. We recently identified 51 candidate targets of microRNA-138 [ The microRNA-138-directed recruitment of FOSL1 mRNA to the RNAi-induced silencing complex (RISC) was confirmed by a ribonucleoprotein-immunoprecipitation assay. Three canonical and three highaffinity non-canonical miR-138 targeting sites were identified on the FOSL1 mRNA: one in the 5'-UTR, three overlapping sites in the coding sequence (CDs), and two overlapping sites in the 3'-UTR. The direct targeting of miR-138 to these sites was confirmed using luciferase reporter gene assays. In summary, we describe an important microRNA regulatory module, which may play an important role in cancer initiation and progression. Our results also provide evidence that microRNAs target both canonical and non-canonical targeting sites located in all areas of the mRNA molecule (e.g., 5'-UTR, CDs, 3'-UTR).
Introduction:
MicroRNA deregulation is a frequent event in cancer. Several microRNAs have been functionally classified as proto-oncogenes or tumor suppressors. Deregulation (e.g., overexpression or loss of expression) of these "cancerous" microRNAs plays critical roles in tumor initiation and progression (1,2). The deregulation of miR-138 has been previously observed in a number of cancer types, including head and neck squamous cell carcinoma (HNSCC) (3, 4) , thyroid cancer (5, 6) , and lung cancer (7) . Two miR-138 precursor genes, termed pre-miR-138-1 and pre-miR-138-2, were initially identified in the mouse genome (8) , and their human homologs were mapped to chromosome 3p21.33 and 16q13, respectively. Interestingly, loss of heterozygosity (LOH) at both chromosome loci have been frequently observed in HNSCC (9) (10) (11) . Our recent study demonstrated that a reduced miR-138 level is associated with enhanced cell growth and invasion in HNSCC (12, 13) . Potential roles of miR-138 deregulation in chemoresistance have also be suggested (14) (15) (16) .
We previously identified 194 genes that were significantly down-regulated by miR-138 (based on microarray analysis on HNSCC cells that were ectopic transfected with miR-138) (17) . Bioinformatics analysis identified miR-138 targeting sites in the 3'-UTR of 51 out of 194 genes. Among these candidates, FOSL1 is one of the most significantly down-regulated genes upon ectopic transfection of miR-138 into the HNSCC cell line. FOSL1 is a member of Fos gene family and an important proto-oncogene that has been implicated in the initiation and progression of various types of cancers. This represents an important microRNA regulatory module consisting of a candidate tumor suppressor microRNA-138 and a protooncogene FOSL1. However, only one miR-138 targeting site was predicted in a non-conserved region in the 3'-UTR of the FOSL1 mRNA based on 6 commonly used bioinformatics tools (4-way PicTar, 5-way PicTar, TargetScanS, TargetScanHuman 5.1, miRanda at microrna.org, and miRanda at miRBase). This renders FOSL1 a "weak candidate" for miR-138-mediated post-transcriptional regulation, and is not consistent with the wetlab based observation. It is worth knowing that the microRNA targeting prediction tools described above are limited to the 3'-UTR of the mRNA sequence and do not consider possible non-canonical targeting sites (e.g., allowing for G:U wobble base pairing). The present study is motivated by this lack of consistency between the experimental observations and the bioinformatics prediction using currently available tools, and we aim to functionally test the microRNA-138-FOSL1 regulatory module.
Materials and Methods
Cell culture and transfection.Human HNSCC cell lines (UM1, 1386Ln, 686Tu) used in this study were maintained in DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin (GIBCO) at 37ºC in a humidified incubator containing 5% CO2. For functional analysis, hsa-miR-138 mimic and control microRNA mimic (cel-miR-67 from C. elegans) (Dharmacon), locked nucleic acid knockdown probe specific to miR-138 (anti-miR-138 LNA) and negative control LNA (ScramblemiR control) (Exiqon), and gene specific siRNAs (On-TargetPlus SMARTpool, Dharmacon) were transfected into cells using DharmaFECT Transfection Reagent 1 as described previously (12, 13) .
Western-blot analysis. Western blots were performed as described previously (13) using antibodies specific for FOSL1, Fos, FosB, Snai2 (Cell Signaling), E-cadherin (BD Biosciences), FOSL2 and beta-actin (SigmaAldrich).
Fluorescent immunocytochemical analysis. Immunofluorescence analysis was performed as previously described (13) . In brief, cells were cultured on an 8-chamber glass slides (BD Biosciences), fixed, permeabilized, and blocked as described. The slides were incubated with primary antibodies against FOSL1 (1:100) (Cell Signaling) or Ecadherin (1:100) (BD Biosciences), and then incubated with a FITC-conjugated anti-rabbit IgG antibody (1:50, Santa Cruz) or Alexa Fluor 594 goat anti-mouse IgG antibody (1: 400, Invitrogen). The slides were mounted with ProLong Gold antifade reagent containing DAPI (Invitrogen), and examined with a fluorescence microscope (Carl Zeiss).
Dual luciferase reporter assay. Two reporter constructs were used to test the effect of miR-138 on gene promoters containing AP-1 sites. The first reporter construct was obtained from SABiosciences (Cignal AP1 Reporter Kit, a dual-luciferase assay kit), which is a luciferase construct containing a synthetic promoter with multiple AP-1 sites. The second reporter construct contains a 1155-bp fragment of the Snai2 promoter which contains a previously identified AP-1 site (18) . The Snai2 promoter construct was a gift from Dr. Shuang Huang at Department of Biochemistry and Molecular Biology, Georgia Health Sciences University, GA. The reporter constructs and the pRL-TK vector (Promega) were co-transfected using lipofectamine 2000 (Invitrogen). The dual luciferase assays were then performed as described previously (13) were co-transfected using lipofectamine 2000 (Invitrogen). The luciferase activities were then determined as described previously (13) using a Glomax 20/20 luminometer (Promega). Experiments were performed in quadruplicate.
Ribonucleoprotein-IP (RIP-IP) assay and quantitative RT-PCR analysis.
RIP-IP assays were performed as described previously with minor modifications (19, 20) . In brief, cells were co-transfected with a pIRESneo-FLAG/HA-Ago2 expression vector (Addgene plasmid 10822, Addgene Inc) and hsa-miR-138 mimic or non-targeting microRNA mimic (Dharmacon). 48h post-transfection, cells were washed and lysed in RIPA buffer (Sigma) containing 10% proteinase inhibitor cocktail (Sigma), 1mM PMSF (Fluka) and 100U/ml SuperRase·In (Ambion), followed by 15-sec sonication for three times on ice. The samples were then subjected to centrifugation for 30 minutes at 14,000 rpm, and the supernatants were collected. A fraction of the whole cell lysate was saved for Western blot and RNA isolation, and the remaining lysate was subjected to immunoprecipitation (IP) using anti-FLAG M2 affinity gel (Sigma). RNA from the whole cell lysate and the RIP-IP fraction was extracted with QIAzol and purified by miRNeasy mini kit (Qiagen).
The relative levels of the FOSL1 mRNA were examined using a quantitative 2-step RT-PCR assay as described previously (21) with specific primer sets for the 5'-UTR (sense: 5'-CAGCCGTGTACCCCGCAGAG-3', antisense: 5'-CGAAGTCTCGGAACATGCCCGG-3'), the CDs region (sense: 5'-CCAAGGAGGGGGACACAGGCA-3', antisense:
5'-CAAGGTACAGGGCGGCAGGG-3'), and the 3'-UTR (sense: 5'-TGCCACTTTACCCACCTAGAACACT-3', antisense:
5'-CCTGGTCCAATCACCTGCTGCT-3'). The specificity of PCR reactions was confirmed by melting curve analysis. The relative expression level was computed using the 2 -delta delta Ct analysis method, where actin was used as an internal reference (22) . The relative enrichment of mRNA in the RIP-IP fractions was computed based on the ratio of relative mRNA levels in the RIP-IP fractions and the relative mRNA levels in the whole cell lysates as described previously (19) .
Results and Discussion:
Our previous study suggested that restoring miR-138 in HNSCC cell line UM1 led to a significant reduction of FOSL1 mRNA (17) . As illustrated in Figure 1A , we confirmed that ectopic transfection of miR-138 led to significant down-regulation of FOSL1 at protein level in UM1 and 1386Ln cells, a previously established HNSCC cell line with a low miR-138 level (12 Figure 1) . We also examined the expression of FOS, FosB and FOSL2, three additional members of the Fos gene family ( Figure 1A) . While Fos and FOSL2 were not expressed to any significant extent under basal conditions, a slight decrease and an apparent increase of FosB levels were observed in 1386Ln cells treated with miR-138 mimic and in 686Tu cells treated with antimiR-138 LNA, respectively. As showed in Figure 1B and Supplementary Figure 2 , the miR-138-mediated down-regulation of FOSL1 was also confirmed by immunofluorescence analysis in UM1 cells. Furthermore, an apparent inverted correlation of miR-138 and FOSL1 levels was observed in HNSCC tissue samples (Supplementary Figure 3) . The reduction of FOSL1 level was accompanied by enhanced expression of E-cadherin ( Figure 1B  and Supplementary Figure 4) . These miR-138-mediated expression changes were accompanied by functional changes at the cellular level. While miR-138-or siRNAmediated down-regulation of FOSL1 were accompanied by reduced proliferation, cell migration and invasion, and enhanced apoptosis, the anti-miR-138 LNA mediated upregulation of FOSL1 led to enhanced proliferation, reduced apoptosis, and enhanced cell migration and invasion (Supplementary Figure 5) . This finding is in agreement with our previous observation (12) , and is in agreement with the notion that FOSL1 is essential to proliferation, apoptosis, cell motility, invasion and metastasis.
FOSL1 exerts its proto-oncogene function by dimerizing with proteins of the Jun family to form the activator protein 1 (AP-1) complex, a transcription factor that controls critical cellular processes including differentiation, proliferation, and apoptosis. To assess the functional relevance of miR-138-mediated down-regulation of FOSL1, we tested the effect of miR-138 on gene promoters containing AP-1 sites (a synthetic promoter containing multiple AP-1 sites, and the Snai2 gene promoter which contains a previously described AP-1 binding site (18)). Overexpression of Snai2 is frequently observed in HNSCC, and is associated with epithelial-tomesenchymal transition (EMT) and metastasis (23) . As shown in Figure 1C Figure 4) . These findings are consistent with our recent observation that miR-138 regulates EMT, in part, by regulating Snai2 expression, which in turn controls E-cadherin expression (24) . However, no miR-138 targeting site was identified in the Snai2 mRNA. Taken together, our results suggest a novel paradigm in which miR-138-mediated Snai2 down-regulation is achieved through down-regulation of FOSL1, which in turn leads to the reduced promoter activity of the Snai2 gene. The reduction of Snai2, a transcription repressor, then leads to enhanced E-cadherin expression, which prevents EMT and cancer progression.
Using commonly available bioinformatics tools (4-way PicTar, 5-way PicTar, TargetScanS, TargetScanHuman 5.1, miRanda at microrna.org, and miRanda at miRBase), a canonical miR-138 targeting site was identified in the 3'-UTR of the FOSL1 mRNA in a region that is not highly conserved (17) . Since several microRNA targeting sites have recently been reported in the 5'-UTR (25) (26) (27) and CDs (24,28-30), we extend our search to the entire mRNA molecule. Two additional canonical targeting sites were located in the CDs. When G:U wobble base pairing was considered, three additional high-affinity (based on predicted minimum free energy) non-canonical targeting sites were identified: one each in the 5'-UTR, CDs and 3'-UTR regions of the FOSL1 mRNA (Supplementary Figure 6) . As such, a total of six miR-138 targeting sites were identified (Table 1 and Figure 1D ), one in the 5'-UTR, three in the CDs and two in the 3'-UTR of the FOSL1 mRNA. It is worth noting that the three miR-138 targeting sites located in CDs are partially by guest on July 16, 2017 http://www.jbc.org/ Downloaded from overlapped, and the two sites in 3'-UTR are also overlapped (Supplementary Figure 7) . This provided us with a unique opportunity to test microRNA targeting sites located in different regions of the mRNA molecule.
Mature microRNAs form stable complexes with Argonaute proteins (such as Ago2), the core of the RNAi-induced silencing complex (RISC). The microRNA then directs RISC to bind to the mRNA molecules containing specific targeting sequences, and results in translational repression and/or enhanced mRNA degradation. To test the miR-138-directed RISC binding to FOSL1 mRNA, a ribonucleoprotein-IP assay (RIP-IP) was performed to determine if FOSL1 mRNA fragments were enriched in the Ago2 co-IP fraction. As shown in Figure 1E , a significant reduction of FOSL1 mRNA was observed in the whole cell lysates based on quantitative RT-PCR (assays specific to the 5'-UTR, CDS, and 3'-UTR of FOSL1) in cells transfected with miR-138 mimic as compared to cells treated with control mimic. As shown in Figure 1F , in the Ago2 co-IP fractions, significant enrichments of the fragments representing the CDs and the 3'-UTR of the FOSL1 mRNA were observed in cells treated with miR-138 mimic. Apparent enrichment of the 5'-UTR fragment was also observed, however, the difference was not statistically significant. As a control, we also tested miR-138-mediated enrichment of RhoC mRNA, a known miR-138 targeting gene (13) , in the Ago2 co-IP fractions. As shown in Supplementary Figure 8 , a significant reduction of RhoC mRNA was observed in the total cell lysate, and a significant enrichment of RhoC mRNA was observed in the Ago2-IP fraction. This is in agreement with our previous findings (13) .
To further confirm that miR-138 directly interacts with these predicted miR-138 targeting sites, dual luciferase reporter assays were performed using constructs containing these targeting sites from the 5'-UTR, CDs, and 3'-UTR (Figure 1G, 1H , and 1I, respectively). As illustrated in Figure 1G , when cells were transfected with miR-138, the luciferase activities of the construct containing the miR-138 targeting site from the 5'-UTR of the FOSL1 was significantly reduced as compared to the cells transfected with negative control. When the seed region of this targeting site was mutated, the miR-138 effect on luciferase was abolished. As shown in Figure  1H , for the construct containing three miR-138 targeting sites from the CDs of the FOSL1, when cells were transfected with miR-138, the luciferase activities was significantly reduced as compared to the cells transfected with negative control. When the seed region(s) from one or two of the targeting sites were mutated, the miR-138-mediated reduction in luciferase activity was still observed. When the seed regions of all three targeting sites were mutated, the miR-138 effect on the luciferase activity was abolished. Similar results were observed for miR-138 targeting sites located in 3'-UTR ( Figure 1I ). When cells were treated with the miR-138 mimic, the luciferase activity was significantly reduced as compared to the cells transfected with negative control. When the seed region from one of the two targeting sites was mutated, the effect of miR-138 on luciferase activity was still retained. When the seed regions from both targeting sites were mutated, the miR-138 effect on the luciferase activity was abolished. As controls, we also tested the effects of miR-138 on the 3'-UTR of RhoC gene which contains a known miR-138 targeting site (13) , and the 3'-UTR of IGF1R gene which has no miR-138 targeting site (but multiple miR-7 targeting sites) (31) . As shown in Supplementary Figure 9 , while a significant reduction in luciferase activity from construct containing the 3'-UTR of RhoC was observed when cells were treatment with miR-138 mimic as compare to cells treated with negative control, no significant change was observed with the construct containing the 3'-UTR of IGF1R mRNA. However, when the cells were treated with miR-7 mimic, the luciferase activity from construct containing the 3'-UTR of IGF1R was significantly reduced. Taken together, our results provide solid evidence to support an important microRNA regulatory module consisting of a candidate tumor suppressor microRNA (miR-138) and a proto-oncogene (FOSL1).
While our results provide strong evidence supporting the miR-138-FOSL1 regulatory module, it is possible that other members of the Fos gene family may also be regulated by miR-138. As showed in Supplementary Table 1, in addition to FOSL1, miR-138 targeting sites were also identified on mRNAs of Fos, FosB and FOSL2. It is worth noting that two canonical and seven non-canonical miR-138 targeting sites were identified in the CDs of the FosB mRNA, and three additional non-canonical sites were identified in the 3'-UTR of the FosB mRNA. This is consistent with the observation that ectopic transfection of miR-138 led to reduced FosB expression in 1386Ln cells, and knockdown of miR-138 led to an apparent increase in FosB levels in 686Tu cells ( Figure  1A) .
While our results suggest that both canonical and non-canonical targeting sites located in all areas of the mRNA molecule (e.g., 5'-UTR, CDs, 3'-UTR) contribute to miR-138-mediated post-transcriptional regulation of the FOSL1 gene (and potentially also the FosB gene), more studies will be needed to test if this is true for other target genes. We previously identified 194 genes that were significantly down-regulated by miR-138 (17) . As showed in Supplementary Table 2, significant enrichment of canonical microR-138 targeting sites were observed in the 5'-UTR, CDs and 3'-UTR of the genes that were regulated by miR-138. Furthermore, significant enrichment of non-canonical miR-138 targeting sites was observed in the 3'-UTR of the genes that were regulated by miR-138. Apparent enrichment of non-canonical miR-138 targeting sites was also observed in 5'-UTR, but the difference is not statistically significant. These observations support our hypothesis that both canonical and noncanonical microRNA targeting sites, and the microRNA targeting sites located in all areas of mRNA molecule (e.g., 5'-UTR, CDs, 3'-UTR), may contribute to microRNA-mediated post-transcriptional regulation.
In summary, we demonstrate an important microRNA regulatory module consisting of candidate tumor suppressor miR-138 and proto-oncogene FOSL1. The deregulation of the miR-138-FOSL1 regulatory module may contribute significantly to the initiation and progression of cancer, such as HNSCC. Our results also provide evidence that microRNAs target both canonical and non-canonical targeting sites located in all areas of mRNA molecule (e.g., 5'-UTR, CDs, 3'-UTR). More studies will be needed to fully explore the precise molecular mechanisms that govern the microRNAmediated post-transcriptional regulation of the target genes.
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